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and	NTN	may	have	similar	roles	in	the	innervation	of	the	tooth	germ,	as	the	teeth	contain	both	sympathetic	and	parasympathetic	nerve	fibers	in	addition	to	the	sensory	fibers,	as	shown	by	earlier	studies	(Hildebrand	et	al	1995,	Olgart	1996).			Expression	patterns	of	neurotrophic	factors	in	developing	human	teeth			 NGF	 BDNF	 NT-3 NT-4 GDNF	 NTN	Mesenchyme	 +		 +	 +	 	 +	 +	Oral	epithelium	 	 	 +	 +	 	 +	Dental	lamina	 	 	 +	 +	 	 	Dental	papillae	 +	 	 +	 	 +	 	Dental	follicle	 +	 	+	 +	 	 +	 	Enamel	knot	 	 +	 	 +	 +	 	Stellate	reticulum	 	 +	 	 +	 	 	Cervical	loop	 	 +	 +	 	 	 +	Inner	dental	epithelium	 	 +	 	 +	 +	 +	Outer	dental	epithelium	 	 	 	 +	 	 		Previous	studies	have	shown	that	neurotrophin	mRNA	labeling	is	generally	weak	in	prenatal	stages	in	rodents,	while	postnatally,	NGF,	BDNF	and	GDNF	expression	is	strong	prior	to	the	initiation	of	dental	pulp	innervation	and	persists	for	several	days	after	that	initiation	(Luukko	et	al	1997a,	Nosrat	et	al	1997b).	The	findings	here	show	that	BDNF	and	GDNF	mRNA	are	expressed	at	higher	levels	and	that	NGF	expression	is	weaker	in	the	developing	human	teeth	compared	to	rodents.	This	suggests	that	BDNF	and	GDNF	might	have	additional	roles	in	the	development	of	human	teeth.	Previous	studies	have	shown	differences	also	between	the	human	and	rodent	
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gustatory	systems,	where	BDNF	and	NT-3	have	broader	and	to	some	extent	overlapping	expression	patterns	in	the	developing	and	adult	gustatory	papilla	(Paper	I)(Nosrat	et	al	2000).	In	humans,	the	dental	follicle	becomes	innervated	in	the	early	cap	stage	(Christensen	et	al	1993),	which	was	also	observed	in	our	study.	In	addition,	we	showed	that	specifically	BDNF	and	GDNF	mRNAs	are	expressed	in	the	dental	follicle	during	the	time	of	its	innervation	(NGF	mRNA	expression	was	weak),	indicating	that	BDNF	and	GDNF	might	be	involved	in	tooth	innervation	also	in	humans.	We	have	previously	shown	that	DPCs	provide	neurotrophic	support	for	trigeminal	neurons	in	
vitro	(Paper	II)(Nosrat	et	al	2001b),	which	also	implies	that	the	NF	are	pivotal	for	innervation	of	the	dental	pulp.	GDNF	knockout	studies	have	shown	that	odontoblasts,	ameloblasts,	enamel	matrix	and	predentin	fail	to	fully	develop	and	differentiate.	On	the	other	hand,	innervation	of	the	tooth	germs	was	normal	in	GDNF	mutant	mice,	indicating	that	GDNF	does	not	control	innervation,	but	rather	is	crucial	for	morphogenesis	(de	Vicente	et	al	2002).	Development	of	organs	and	its	innervation	is	dependent	on	neurotrophic	factor	and	its	receptors,	including	the	mechanoreceptors.	A	study	has	shown	that	Ruffini	afferents	are	dependent	on	BDNF	and	Merkel	afferents	on	NGF	and	NT-3	(Fundin	et	al	1997).	Another	study	has	also	shown	that	BDNF	is	important	for	the	development	of	periodontal	Ruffini	endings.	BDNF	null	mice	show	malformation	of	these	mechanoreceptors	at	P3,	indicating	a	role	for	BDNF	in	postnatal	development	of	these	structures	(Alkhamrah	et	al	2003).	Here	we	showed	that	multiple	NF	are	expressed	in	the	developing	human	teeth,	and	we	hypothesize,	based	on	the	expression	patterns,	that	there	might	be	a	degree	of	functional	redundancy	among	some	of	the	NF	and	that	they	might	be	involved	in	both	development	and	innervation	of	the	teeth.		
Paper	IV.	Dental	pulp	cells	rescue	dopaminergic	neurons	Here	we	asked	whether	GDNF	is	retrogradely	transported	to	trigeminal	neuron	cell	bodies	from	areas	where	there	is	a	high	GDNF	expression	in	vivo.	We	also	studied	dental	pulp	cell	growth	and	protein	expression	in	vitro,	how	DPCs	interact	with	DA	neurons,	and	the	feasibility	for	cell	replacement	therapies	in	CNS	using	DPCs.		We	report	that	when	125I-GDNF	is	injected	into	whisker	pads	of	neonatal	and	adult	rats,	into	the	developing	maxillary	teeth,	or	into	the	area	of	the	inferior	alveolar	nerve,	the	labeled	GDNF	is	retrogradely	transported	to	neuron	cell	bodies	in	the	trigeminal	ganglion,	indicating	that	GDNF	might	act	as	a	target-derived	neurotrophic	factor	in	the	trigeminal	system	and	play	a	role	in	innervation	of	the	whisker	pads.	Neurons	are	produced	in	excess	during	development	and	a	given	target	is	able	to	support	only	a	limited	number	of	neurons,	while	the	rest	of	the	neurons	die	shortly	after	they	have	reached	their	target,	in	a	process	known	as	apoptosis.	The	neurons	that	do	reach	the	target,	are	supported	by	target-derived	neurotrophic	factor,	
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retrogradely	transported	to	the	cell	body	(Barde	1989,	Ibáñez	et	al	1993,	Tomac	et	al	1995b).		All	four	neurotrophins,	NGF,	BDNF,	NT-3,	NT-4,	and	GDNF	mRNA	are	expressed	in	embryonic	whisker	follicles	and	NT-4	protein	promotes	neurite	outgrowth	from	trigeminal	ganglia	explants.	This	indicates	that	these	NF	orchestrate	the	innervation	of	the	whisker	pad	by	the	trigeminal	ganglion	(Ibáñez	et	al	1993,	Trupp	et	al	1995).	In	our	study	we	provided	evidence	that	GDNF	is	involved	in	this	process	also	in	adult	rodents.	Another	study	has	shown	that	GDNF	induces	neurite	elongation	and	regeneration	of	trigeminal	ganglion	cells	in	vitro,	while	GDNF	antibodies	reduce	neurite	elongation,	indicating	that	GDNF	may	participate	in	elongation	or	regeneration	in	trigeminal	neurons	(Kishimoto	et	al	2012).	Conditional	GFRα1	knockout	mice	have	shorter	dendrites	and	show	a	decrease	in	postsynaptic	specializations	in	hippocampal	neurons,	indicating	that	GDNF-GFRα1	signaling	plays	a	crucial	role	for	proper	hippocampal	neuronal	development	(Irala	et	al	2016).	We	further	show	here	that	NGF,	BDNF	and	GDNF	mRNA	are	expressed	by	DPCs	in	
vitro,	both	when	cells	were	cultured	from	dental	pulp	tissue	from	6-8-day-old	rat	pups	and	when	they	were	cultured	from	adult	human	dental	pulp.	Previous	studies	showed	that	all	neurotrophins,	GDNF	and	NTN	are	expressed	in	developing	rat	and	human	teeth	(Lillesaar	et	al	2001,	Luukko	et	al	1997a,	Luukko	et	al	1997c,	Nosrat	et	al	1998,	Nosrat	et	al	1996b,	Nosrat	et	al	2001b).	NF	seem	to	be	involved	in	both	tooth	development	and	tooth	innervation.	NGF	has	been	shown	to	be	required	for	differentiation	of	cranial	neural	crest	cells	into	tooth	organs	(Amano	et	al	1999),	innervation	is	severely	reduced	in	NGF	or	trkA	knockout	mice	(Byers	et	al	1997,	Matsuo	et	al	2001),	and	anti-NGF	treatment	of	neonatal	rat	pups	reduces	the	amount	of	sensory	axons	in	the	dental	pulp	(Qian	&	Naftel	1996).	We	propose	that	NF	play	an	important	role	in	orchestrating	the	process	of	dental	pulp	innervation	in	rodents.	When	DPCs	were	cocultured	with	embryonic	DA	neurons,	there	was	a	higher	survival	rate	of	DA	neurons,	larger	soma	sizes,	larger	numbers	and	increased	lengths	of	primary	neurites,	indicating	the	ability	of	DPCs	to	affect	both	survival	and	phenotype	of	DA	neurons	in	vitro.	We	also	demonstrated	that	blocking	NGF,	BDNF	and	GDNF	antibodies	decreased	the	number	of	surviving	DA	neurons	cocultured	with	DPCs.	BDNF	and	GDNF	protect	DA	neurons,	while	it	is	possible	that	NGF	influences	DA	neurons	indirectly	through	the	glial	cells	that	are	present	in	the	culture.	Previous	studies	have	shown	that	NGF	regulates	proliferation	of	glial	cells	(Zhang	et	al	2003a).	It	has	also	been	shown	that	there	is	no	major	loss	of	DA	neurons	in	either	BDNF-	or	GDNF	knockout	mice,	indicating	roles	of	other	factors	for	the	early	development	of	DA	neurons,	such	as	the	transcription	factor	Nurr-1	(Zetterstrom	et	al	1997),	whereas	adult	DA	neurons	can	be	protected	by	GDNF	(Tomac	et	al	1995a).	Our	studies	suggest	that	a	combination	of	trophic	factors,	such	as	supplied	by	DPCs	may	exert	a	better	trophic	effect	on	DA	neurons	than	single	factor	treatments.		Previous	studies	have	shown	that	different	types	of	cells	transplanted	into	CNS	can	be	used	to	produce	and	release	neurotransmitters	or	NF,	and	that	such	cells	might	
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be	used	in	the	treatment	of	CNS	disorders	(Olson	1997).	Engraftment	of	genetically	engineered	cells	for	biodelivery	of	NGF	to	the	basal	forebrain	in	patients	with	Alzheimer's	disease	is	safe	(Eriksdotter-Jonhagen	et	al	2012,	Ferreira	et	al	2015,	Karami	et	al	2015),	and	patients	show	elevated	cholinergic	signaling	markers,	as	well	as	improved	cognitive	test	results.	This	suggests	that	encapsulated	NGF-releasing	cells	may	be	a	beneficial	treatment	for	Alzheimer’s	disease	patients	(Ferreira	et	al	2015,	Karami	et	al	2015).	DPCs	produce	NF	and	could	be	similarly	used	in	cell	transplantation	therapies	in	CNS	disorders	with	the	possible	advantage	of	providing	a	cocktail	of	trophic	support,	rather	than	one	specific	transgenic	trophic	protein.	Other	natural	sources	of	considerable	amounts	of	NF	are	the	developing	kidney,	the	carotid	body	(Nosrat	et	al	1996b)	and	Sertoli	cells	(Widenfalk	et	al	1997).		Here	we	show	that	bisbenzimide-labeled	DPCs	grafted	into	striatum	survived	for	several	weeks.	We	also	show	that	DPCs	can	protect	DA	neurons	against	6-OHDA	in	vitro.								Interestingly,	culture	of	DPCs	alone,	led	to	cells	with	neuronal	and	glial	phenotypes.	DPCs	from	6-8-day-old	rat	pups	and	adult	human	DPCs	obtained	from	patients	undergoing	routine	tooth	extractions	differentiate	into	and	maintain	a	neuronal	morphology,	expressing	the	neuron-specific	markers	PGP	9.5	and	β-III	tubulin.	S-100-	and	GFAP-positive	cells	were	also	observed	in	dental	pulp	cell	cultures,	potentially	Schwann	cells	and/or	other	glial	cells.	β-III	tubulin	form	the	microtubules	in	neurons	and	is	important	for	neurite	outgrowth	(Tucker	et	al	2008).	The	S100	protein	family	exert	multiple	functions,	such	as	being	involved	in	proliferation,	differentiation,	regulation	of	apoptosis,	and	inflammatory	processes	(Donato	et	al	2013).	GFAP	is	the	major	intermediate	filament	in	astrocytes	and	is	important	for	proliferation,	morphology	and	motility	(Moeton	et	al	2016).	Here	we	show	that	these	proteins	are	also	expressed	in	both	rat	and	human	DPCs.	By	grafting	DPCs	with	or	without	a	guiding	scaffold	to	a	site	of	CNS	injury	it	would	thus	be	possible	to	provide	a	cocktail	of	trophic	factors	as	well	as	neural	and	astroglial	cells	that	together	may	improve	functional	outcome.		
Paper	V:	Deletion	of	BDNF	and	NT-3	cause	lingual	deficits	We	studied	the	specific	roles	of	BDNF	and	NT-3	in	gustatory	and	somatosensory	innervation	of	the	tongue	by	taking	advantage	of	knockout	animals.	We	showed	that	lack	of	BDNF	and	NT-3	(P0)	have	additive	effects	leading	to	more	severe	gustatory	and	somatosensory	deficits,	indicating	separate	roles	for	the	two	neurotrophins	for	the	innervation	of	the	tongue.		The	fungiform	and	circumvallate	papillae	were	severely	malformed	and	reduced	in	size,	and	the	fungiform	papillae	were	significantly	reduced	in	number	in	BDNF-/-xNT-3-/-	mice	compared	to	BDNF-/-	and	wild	type	mice.	The	fungiform	papillae	received	scarce	innervation,	and	we	did	not	observe	any	PGP	9.5-positive	taste	cells	or	taste	buds	in	BDNF-/-xNT-3-/-	material.	There	was	a	total	loss	of	intraepithelial	nerve	fibers	in	the	circumvallate	papillae	in	the	double	knockout	mice,	while	there	
	 48	
were	still	some	intraepithelial	nerve	fibers	present	in	the	circumvallate	papillae	of	BDNF-/-	mice.	This	indicates	a	need	for	the	presence	of	both	gustatory	and	somatosensory	nerve	components	for	normal	development	of	taste	buds	and	fungiform	papillae.		There	were	some	remaining	nerve	fibers	in	the	core	part	of	the	circumvallate	and	fungiform	papillae,	which	could	indicate	that	not	all	nerves	in	the	gustatory	papillae	are	gustatory	or	somatosensory.	The	remaining	nerve	fibers	could	be	contributions	from	the	autonomic	nervous	system,	supported	by	potent	NF	for	the	autonomic	nervous	system,	such	as	GDNF	and	NTN,	which	are	also	expressed	in	the	developing	tongue,	e.g.	in	the	lingual	epithelium,	von	Ebner’s	salivary	glands,	lingual	ganglia	and	muscle	tissue.	Their	receptors	were	also	found	in	the	lingual	ganglia.	NGF	expression	is	very	vague,	which	resembles	the	NT-3	labeling	in	the	early	prenatal	tongue	and	is	diffuse	in	the	adult	tongue	(Nosrat	1998,	Nosrat	et	al	1996a).	Previous	studies	have	shown	that	NT-3	is	expressed	in	the	developing	geniculate	ganglion	(Ernfors	et	al	1992),	and	BDNF	mutant	mice	lacking	either	one	or	both	alleles	have	a	decreased	number	of	geniculate	ganglion	neurons	(Patel	&	Krimm	2010).	The	lack	of	NT-3	in	our	study	could	contribute	to	the	additional	loss	of	gustatory	neurons	in	the	geniculate	ganglion	and	lead	to	a	more	severe	phenotype	in	BDNF-/-xNT-3-/-	mice,	as	the	geniculate	ganglion	contains	cell	bodies	of	the	chorda	tympani.	TrkB	is	the	receptor	for	both	BDNF	and	NT-4	and	mice	have	been	generated	with	deletion	of	both	ligands.	BDNF-/-xNT-4-/-	mice	have	severely	degenerated	gustatory	papillae	and	severely	reduced	innervation	with	only	a	few	remaining	nerve	fibers	innervating	the	papillae.	However,	taste	papillae	were	still	able	to	develop	in	the	earliest	stages	of	development	during	E13.5	to	E15.5	in	BDNF-/-xNT-4-/-	mice.	This	shows	that	BDNF	and	NT-4	are	not	needed	for	early	taste	development	and	that	taste	bud	development	is	nerve-independent.	Shh	appears	to	control	stem	cell	proliferation	in	taste	buds	and	Sox2	appears	to	play	a	role	in	keeping	taste	bud	progenitor	cells	undifferentiated.	These	markers	are	able	to	act	before	the	arrival	of	nerve	fibers	and	in	the	absence	of	BDNF.	At	later	stages,	taste	buds	become	dependent	on	nerve	fibers	and	in	the	absence	of	BDNF	and	innervation,	taste	buds	degenerate	(Ito	&	Nosrat	2009).		Overexpression	of	BDNF	under	the	control	of	the	nestin	promoter,	decreases	size	and	numbers	of	taste	papillae.	Gustatory	fibers	reached	the	base	of	the	tongue	where	ectopic	BDNF	was	observed,	but	did	not	continue	to	the	gustatory	papillae.	This	shows	that	appropriate	BDNF-dependent	innervation	is	needed	for	taste	bud	development	(Ringstedt	et	al	1999).	A	similar	effect	has	been	shown	in	studies	with	overexpression	of	BDNF	and	NT-4	in	non-taste	epithelia,	which	leads	to	decreased	innervation	of	taste	papillae	despite	an	increased	number	of	geniculate	ganglion	neurons.	Instead,	increased	innervation	of	targets	is	observed	in	structures	that	usually	do	not	receive	gustatory	innervation,	such	as	filiform	papillae	(Krimm	et	al	2001).		It	is	well	established	that	BDNF	attracts	innervation	under	normal	conditions	during	development	(Nosrat	et	al	1997a,	Nosrat	et	al	1996a,	Nosrat	&	Olson	1995).	Ephrins	control	axon	terminal	positioning	and	EphB1	and	EphB2	null	mice	show	decreased	
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innervation	of	gustatory	papillae,	indicating	that	they	are	important	signaling	factors	in	the	taste	system	(Treffy	et	al	2016).	Sema3A	has	the	opposite	effect	and	prevents	geniculate	ganglion	axons	from	penetrating	fungiform	papillae	before	E17,	thus	repels	the	axons	from	their	target	(Vilbig	et	al	2004).	Taste	bud	development	depends	on	BDNF,	NT-3	and	NT-4	(Ito	&	Nosrat	2009,	Nosrat	1998,	Nosrat	et	al	1996a,	Nosrat	&	Olson	1995,	Nosrat	et	al	2004a)	and	signals	through	trkB,	trkC	(Barbacid	1994)	and	p75	(Ibanez	et	al	1992,	Ryden	et	al	1995).	Adult	p75-/-	mice	show	reduced	number	of	taste	buds	and	cell	bodies	in	the	geniculate	ganglion,	indicating	that	p75	is	necessary	for	normal	taste	bud	development	(Krimm	2006).	Our	findings	indicate	functional	roles	for	both	BDNF-dependent	gustatory	and	NT-3-dependent	somatosensory	innervation	during	the	development	of	taste	papillae.	We	speculate	that	BDNF	overexpressing	mice,	which	have	larger	taste	buds,	increased	number	of	taste	cells	and	denser	innervation	(Nosrat	et	al	2012)	may	be	used	as	a	model	to	study	adverse	events	on	taste	perception	following	different	drug	treatments	such	as	chemotherapy.	These	Gust-BDNF	transgenic	mice	have	increased	taste	perception	and	are	able	to	taste	sucrose	at	lower	concentrations	than	wild	type	mice	(Nosrat	et	al	2016).	We	propose	that	BDNF	and/or	its	mediators	may	be	used	to	mitigate	dysgeusia	following	chemotherapy.						
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CONCLUSIONS 
1.	BDNF	mRNA	and	NT-3	mRNA	are	expressed	in	human	tongues	in	vivo	and	play	significant	roles	in	development,	maintenance,	and	innervation	of	taste	buds	and	somatosensory	structures.	BDNF	mRNA	is	expressed	in	developing	taste	papillae	before	the	arrival	of	any	nerve	fibers.	BDNF	mRNA	is	mainly	expressed	in	the	gustatory	epithelium	and	later	in	taste	cells,	and	NT-3	mRNA	is	mainly	expressed	in	the	somatosensory	epithelium	in	both	humans	and	rodents.	BDNF	and	NT-3	transcripts	exhibit	a	similar	general	expression	pattern	between	the	two	species.	One	noteworthy	difference	is	that	while	NT-3	mRNA	is	expressed	mainly	in	extragemmal	(outside	taste	buds)	structures	in	rodents,	in	humans	its	expression	is	also	found	in	some	taste	cells.		2.	Neonatal	rat	dental	pulp	cells	express	NGF,	BDNF	and	GDNF	mRNA.	The	cells	also	secret	the	corresponding	trophic	proteins	in	experimental	co-culture	studies	in	which	they	rescue	trigeminal	neurons	and	embryonic	dopamine	neurons.	Dental	pulp	cell	implants	also	rescue	motoneurons	in	vivo,	and	when	placed	in	the	anterior	chamber	of	the	eye,	stimulate	iris	nerve	fibers	to	innervate	the	implant.	DPCs	also	stimulate	neurite	outgrowth	from	trigeminal	neurons,	and	interestingly	produce	dentin-like	mineralized	tissue	in	oculo.	3.	NGF,	BDNF,	NT-3,	NT-4,	GDNF	and	NTN	mRNA	are	expressed	in	vivo	during	development	in	human	tooth	germs	and	possibly	participate	in	both	morphogenesis	and	innervation	of	the	teeth.	4.	While	dental	pulp	cells	promote	the	survival	of	embryonic	dopamine	neurons	in	
vitro,	inhibitory	antibodies	to	NGF,	BDNF	and	GDNF	decrease	the	number	of	surviving	dopamine	neurons	co-cultured	with	dental	pulp	cells.	These	cells	also	protect	dopamine	neurons	against	the	neurotoxin	6-hydroxy-dopamine	in	vitro.	5.	The	fungiform	and	circumvallate	papillae	become	severely	distorted	in	the	absence	of	both	BDNF	and	NT3,	and	the	lingual	innervation	becomes	severely	reduced.			 	
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